Acoustical measurement of the shear modulus for thin porous layers by Allard, Jean-François et al.
HAL Id: hal-01326764
https://hal.archives-ouvertes.fr/hal-01326764
Submitted on 5 Jun 2016
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Distributed under a Creative Commons Attribution| 4.0 International License
Acoustical measurement of the shear modulus for thin
porous layers
Jean-François Allard, Michel Henry, Laurens Boeckx, Philippe Leclaire,
Walter Lauriks
To cite this version:
Jean-François Allard, Michel Henry, Laurens Boeckx, Philippe Leclaire, Walter Lauriks. Acoustical
measurement of the shear modulus for thin porous layers. Journal of the Acoustical Society of America,
Acoustical Society of America, 2005, 117 (4), pp.1737. ￿10.1121/1.1868392￿. ￿hal-01326764￿
Acoustical measurement of the shear modulus for thin
porous layers
Jean F. Allard and Michel Henry
Laboratoire d’Acoustique de l’Universite´ du Maine, UMR CNRS 6613, Avenue Olivier Messiaen, 
72085 Le Mans Cedex, France
Laurens Boeckx, Philippe Leclaire, and Walter Lauriks
Laboratorium voor Akoestiek en Thermische Fysica, Departement Natuurkunde, Katholieke Universiteit
Leuven, Celestijnenlaan 200 D, B-3001 Heverlee, Belgium
Simulations performed with the Biot theory show that for thin porous layers, a shear mode of the 
structure can be induced by a point-source in air located close to the layer. The simulations show 
that this mode is present around frequencies where the quarter wavelength of the shear Biot wave 
is equal to the thickness of the samples and show that it can be acoustically detected from the fast 
variations with frequency of the location of a pole of the reflection coefficient close to grazing 
incidence. The mode has been detected with this method for two reticulated plastic foams. For one 
of the foams studied, the velocity and the damping of the Rayleigh wave have been measured on a 
thicker layer of the same medium at higher frequencies, giving a real part of the shear modulus close 
to the one obtained from the measured location of the pole. The strong coupling of the shear mode 
with the acoustic field in air allows the measurement of the shear modulus without mechanical 
excitation. I. INTRODUCTION
Acoustical excitations from a sound source in air gener-
ally do not create noticeable displacements of the porous
frame for usual sound-absorbing materials. As a conse-
quence, the measurement of the rigidity coefficients of the
porous frames is performed with mechanical excitations.1–7
A contact surface with a static stress is generally present and
the material, often strongly nonlinearly reacting, can be
modified by the experimental procedure. This drawback is
avoided when the Rayleigh wave velocity is measured,8 but
this measurement can only be performed on sufficiently thick
layers; the penetration of the Rayleigh wave inside the ma-
terial is of several shear wavelengths. Free field measure-
ments of the surface impedance can be used, with the Biot
theory,9,10 to evaluate the velocity of the frame-borne com-
pressional wave.11 At normal incidence, a mode related to
this wave can be excited. This mode is with a good approxi-
mation the quarter wavelength resonance of the compres-
sional wave in the frame, and is present at frequencies where
the wavelength is close to four times the thickness l of the
layer. The surface impedance at normal incidence for a layer
glued to a rigid impervious backing presents around these
frequencies fast variations if the loss angle of the frame is
sufficiently small, but this is not the case for most of the
porous sound absorbing media. The excitation of shear
modes related to the Biot shear wave would need less energy
at equal loss angles because the shear modulus is smaller
than the modulus related to frame compressional waves.
These modes cannot be excited by plane waves at normal1incidence but at large angles of incidence u. At u5p/2, the
surface impedance Zs(p/2) can be measured with the
Tamura method,12 but areas as large as 10 m2 are needed,
over which the porous layer must be carefully glued to a
rigid impervious backing, and the experimental procedure is
complicated. It has been shown recently that for thin porous
layers with a motionless frame ~the thickness l of a thin layer
verifies udul!1, where d is the wave number in the air satu-
rating the frame!, a pole of the reflection coefficient exists at
a complex angle of incidence up close to p/2, and up can be
evaluated easily from measurements of the monopole pres-
sure field close to grazing incidence.13–15 More precisely, the
reflection coefficient V is given by
V~cos u!5
Zs~cos u!2Z/cos u
Zs~cos u!1Z/cos u
, ~1!
and the angle up is a solution of the following equation,
cos up52
Z
Zs~cos up!
, ~2!
where Z is the characteristic impedance of air, and the sur-
face impedance Zs is given by
Zs~u!5
iZ1
f cos u1
cot~dl cos u1!. ~3!
In this equation, Z1 is the characteristic impedance in the
fluid equivalent to the air saturating the porous medium, f is
the porosity, and u1 is the refraction angle given by sin u1
5(sin u)k/d, k being the wave number in the free air. For thin
layers up is close to p/2 because Z/uZs(up)u!1, and cos up is
close to 2Z/Zs(p/2). In Fig. 1, a sketch of the experimental
set for the measurement method is presented. The monopole
source S and the receiver at M are located at small distances,
respectively h1 and h2 , from the porous layer. The distance
R2 from the source to the receiver, R1 from the image of the
source to the receiver, and the radial distance r are much
larger than h11h2 , and the angle of specular incidence u0 is
close to p/2. ~The symbols u0 and u are used for the angle of
specular incidence and for the angle of incidence of plane
waves, respectively.! The method is based on the use of the
following approximation for the monopole reflected field pr
over thin porous layers with a motionless frame, valid under
the condition u0 and up close to p/2:
pr5
exp~ ikR1!
R1
F12A2pkR1 expS 3pi4 D
3cos up exp~2w2!erfc~2iw !G , ~4!
w5A2kR1 exp
pi
4 sin
up2u0
2 . ~5!
Under the condition u0 and up close to p/2, w can be
rewritten
w5A12 kR1
pi
4 exp~cos u02cos up!. ~6!
The possible variations of Zs(up) around frequencies
where the shear mode is excited are much easier to measure
with the new method than Zs(p/2) with the Tamura method.
The Biot theory is used in Sec. II to describe the shear mode
and to predict the surface impedance and cos up . The validity
of Eqs. ~4!–~6! in the context of the Biot theory is discussed
in Sec. III. Measurements of cos up leading to an evaluation
of the shear modulus for two porous foams are presented in
Sec. IV.
II. DESCRIPTION OF THE SHEAR MODE
The Biot theory, with the formalism developed in Ref.
16, has been used to predict the surface impedance with the
model by Johnson et al.17 for the viscous and inertial inter-
action, and the model by Lafarge18 for the incompressibility
of air. The stress-strain relations in the Biot theory are
s i j
s 5@~P22N !us1Qu f #d i j12Nei js , ~7!
s i j
f 5Qus1Ru f , ~8!
FIG. 1. Symbolic sketch of the experiment, the monopole source S, and the
receiver at M above the porous layer.2where u f and us are the dilatation of the air and of the frame,
respectively, ei j
s are the strain components of the frame, and
s i j
f and s i j
s are the stress components of the air and of the
frame, respectively. The stress components are related to
forces per unit area of porous medium; then s i j
f 52fpd i j ,
where p is the pressure in the air that saturates the porous
medium. The Biot elasticity coefficients P, Q, and R, with
the simplifications suggested in Ref. 16 ~see Eqs. 6.21–6.28
of Ref. 16!, are given by
P5
4
3 N1Kb1
~12f!2
f
K f , ~9!
Q5K f~12f!, ~10!
R5fK f , ~11!
Kb5
2
3N~11n!/~122n!, ~12!
where Kb is the bulk modulus of the frame, N is the shear
modulus, and n is the Poisson ratio. The incompressibility K f
of the air saturating the porous frame is given in the present
work by
K f5
Ka
b
, ~13!
where Ka is the adiabatic incompressibility of air and b is
given by Eq. ~30! of Ref. 18:
b5g2~g21 !F11 12iv˜8 S 12 M 82 iv˜8D
1/2G21, ~14!
v˜85
r0Prvk08
hf
, ~15!
M 85
8k08
fL82
. ~16!
In these equations, h is the viscosity, r0 is the density of
air, g is the ratio of the specific heats, Pr is the Prandtl
number, k08 is the thermal permeability, and L8 is the thermal
characteristic dimension of the porous frame.
The equations of motion governing the displacement us
of the frame and uf of the saturating fluid are
2v2~r˜ 11u
s1r˜ 12u
f !5~P2N !"us1N„2us
1Q"uf , ~17!
2v2~r˜ 22u
f1r˜ 12us!5R"uf1Q"us. ~18!
The renormalized densities r˜ 11 , r˜ 22 , and r˜ 12 are given
by ~see Eqs. 6.58 of Ref. 16!
r˜ 115r11ra2ib , ~19!
r˜ 1252ra1ib , ~20!
r˜ 225fr01ra2ib . ~21!
The coefficient b related to the viscous and the inertial
interaction is given in the present work by
b52
s
v
f2G j~v!, ~22!
G j~v!5S 12 4ia‘2 hr0v
s2L2f2
D 1/2 ~23!
~see Eq. 5–64 of Ref. 16 with a complex conjugation due to
the opposite time dependence!, where a‘ is the tortuosity, s
is the flow resistivity, and L is the characteristic viscous
dimension. The added density ra is given by
ra5r0f~a‘21 !. ~24!
The wave numbers k1 and k2 for both Biot compres-
sional waves, and k3 for the Biot shear wave, are given by
k1,2
2 5
v2
2~PR2Q2!
@Pr˜ 221Rr˜ 1122Qr˜ 126AD# , ~25!
k3
25
v2
N Fr˜ 11r˜ 222r˜ 12
2
r˜ 22
G , ~26!
D5~Pr˜ 221Rr˜ 1122Qr˜ 12!2
24~PR2Q2!~r˜ 11r˜ 222r˜ 122 !. ~27!
Both compressional waves can be related to a velocity
potential w for the frame and w f5mw for the saturating fluid.
The related displacements us and uf are given by
us5
i
v
w , ~28!
uf5
im
v
w . ~29!
The coefficients m are given by
m1,25
Pk1,2
2 2v2r˜ 11
v2r˜ 122Qk1,22
. ~30!
The shear wave is related to a vector velocity potential
for the frame C, and a vector velocity potential for air Ca
5m3C.
The related displacements are given by
us5
i
v
 Ù C, ~31!
uf5
i
v
m3 Ù C, ~32!
and m3 is given by
m352r˜ 12 /r˜ 22 . ~33!
A plane wave in air impinging upon the porous layer with an
angle of incidence u is represented in Fig. 2. The incidence
plane is xoz , the axis x is parallel to the air-porous medium
interface. The incident field creates in the porous layer a field
which can be described by six potentials with the same hori-
zontal wave number vector component j5k sin u, w1
1
, w1
2
for the first compressional wave with opposite z wave num-
bers vector components a15(k122j2)1/2 and 2a1 , respec-
tively. Similarly, two potentials w2
1 and w2
2 are defined for
the second compressional wave, related to the z wave num-
ber vector components a25(k222j2)1/2 and 2a2 , and two
potentials C15nw3
1
, C25nw3
2
, related to a35(k3232j2)1/2 and 2a3 , n being the unit vector on the y axis. The
scalar functions w j
6 can be written
w j
65a j
6 exp~6ia jz1ijx !, ~34!
where the six constant coefficients a j
6 can be predicted from
the boundary conditions.
The porous layer is glued to the rigid impervious back-
ing. At the contact surface with the rigid impervious backing
the boundary conditions are uz
s5ux
s5uz
f50, which can be
rewritten
a1@a1
1 exp~ ia1l !2a1
2 exp~2ia1l !#1a2@a2
1 exp~ ia2l !
2a2
2 exp~2ia2l !#1j@a3
1 exp~ ijl !1a3
2 exp~2ijl !#
50, ~35!
j@a1
1 exp~ ia1l !1a1
2 exp~2ia1l !#1j@a2
1 exp~ ia2l !
1a2
2 exp~2ia2l !#2a3@a3
1 exp~ ijl !2a3
2 exp~2ijl !#
50, ~36!
a1m1@a1
1 exp~ ia1l !2a1
2 exp~2ia1l !#
1a2m2@a2
1 exp~ ia2l !2a2
2 exp~2ia2l !#
1jm3@a3
1 exp~ ijl !1a3
2 exp~2ijl !#50. ~37!
Let p and Uz be the pressure and the z component of the
air velocity in the free air at the contact surface with the
porous layer. At this interface, the boundary conditions can
be written19
fuz
f1~12f!uz
s5Uz , ~38!
szz
f 52fp , ~39!
szz
s 52~12f!p , ~40!
sxz
s 50. ~41!
A preliminary use of Eqs. ~35!–~37! provides the reflec-
tion coefficients at a rigid and impervious boundary for the
three Biot waves and first information concerning the shear
modes. For a1
151, a2
15a3
150, i.e., a compressional wave
w1
1 of amplitude unity at the air-porous layer boundary, the
expressions for the ai
2
, i51, 3, solutions of Eqs. ~35!–~37!
and denoted as r1,i are given in the first line of Table I. In the
same way, the second line gives the expressions r2,i , i51, 3,
of the ai
2 related to a2
151, a1
15a3
150, and the third line
gives the expressions r3,i , i51, 3, of the ai
2 related to a3
1
FIG. 2. A plane wave in air, incident on a porous layer. The angle of
incidence is u, the incidence plane is oxz .
51, a1
15a2
150. The factor exp(ijx) has been removed from
the different amplitudes. At the air-porous layer interface,
each incident wave in the layer will be associated with its
reflected field, so that Eqs. ~35!–~37! will be automatically
satisfied. Equations ~38!–~41! can be rewritten
ia1~fm11~12f!!@a1
1~12r1,1!2a2
1
r2,12a3
1
r3,1#
1ia2~fm21~12f!!@2a1
1
r1,21a2
1~12r2,2!2a3
1
r3,2#
1ij~fm31~12f!!@a1
1
r1,31a2
1
r2,3
1a3
1~11r3,3!#52ivUz , ~42!
2i
v
$~Q1Rm1!k12@a11~11r1,1!1a21r2,11a31r3,1#1~Q
1Rm2!k2
2@a1
1
r1,21a2
1~11r2,2!1a3
1
r3,2#%52fp ,
~43!
2i
v
$@~P1Qm1!k1222Nj2#@a11~11r1,1!1a21r2,11a31r3,1#
1@~P1Qm2!k2222Nj2#@a11r1,21a21~11r2,2!
1a3
1
r3,2#12Nja3@2a1
1
r1,32a2
1
r2,31a3
1~12r3,3!#%
52~12f!p , ~44!
2ja1@a1
1~12r1,1!2a2
1
r2,12a3
1
r3,1#
12ja2@2a1
1
r1,21a2
1~12r2,2!2a3
1
r3,2#1~j
22a3
2!
3@a1
1
r1,31a2
1
r2,31a3
1~11r3,3!#50. ~45!
The three Eqs. ~43!–~45! provide the ratios a11/p , a21/p ,
and a3
1/p . Reporting these ratios in Eq. ~42! provides the
surface impedance Zs(u)5p/Uz . The predicted cos up is ob-
tained from the series (cos up)i defined by the following it-
erative equation
~cos up! i1150.8~cos up! i20.2
Z
Zs~~up! i!
, ~46!
with (up)15p/2. A general description of the shear mode
with Eqs. ~42!–~45! is beyond the aim of the present work.
The main properties of the mode are shown in the context of
a simulation with a porous foam.
The porous material used for the simulations is a typical
foam with a thickness l51 cm. The parameters that describe
the foam are given in Table II ~yellow foam!, except the
imaginary part of the shear modulus N, and the thickness l.
The layer is set on a rigid impervious backing and the frame
TABLE I. The coefficients ri , j expressed with A5a1a2(m12m2), B
5a1j(m12m3), C5a2j(m22m3), D5a3A1j(B2C), and Ti , j
5exp(2i(ai1aj)l).
r1,1DT1,1 r1,2DT1,2 r1,3DT1,3
a3A1j(B1C) 22jB 22jA
r2,1DT2,1 r2,2DT2,2 r2,3DT2,3
2jC a3A2j(B1C) 22jA
r3,1DT3,1 r3,2DT3,2 r3,3DT3,3
22a3C 2a3B a3A2j(B2C)4is motionless at the contact surface. The surface impedances
at normal incidence Zs(0) and cos(up) are represented in
Figs. 3 and 4 for two loss angles, 0.1 and 0.025, respectively.
The Poisson ratio n is real, because previous
measurements7,20 give Im n50, and Re n50.3. This choice
for Re n is arbitrary; coefficients n previously measured for
different foams range from 0.1 to 0.5, but it has no signifi-
cant effect on the shear mode. There is only a small shift,
around 10 Hz, of the location of the peak related to the shear
mode in Fig. 4 when n varies from 0 to 0.5. The shear mode
is located around 813 Hz, where the quarter shear Biot wave-
length is equal to the thickness of the layer, and the compres-
sional mode is located around 1500 Hz. At normal incidence,
j50, and r3,15r3,25r1,35r2,350, r3,351. Then Eq. ~45!
gives a3
150 and the Biot shear wave is not present. Let jp
be the horizontal wave number component related to the
pole, jp5k sin up . When cos up is small, sin up is close to 1,
and jp is close to k. All the coefficients ri , j are different from
0, and the shear wave is present and gives a contribution to
Uz and p via uz
s
, uz
f
, szz
s
, and szz
f
. This contribution and a3
1
reach a maximum when the coefficient T3,35exp(22ia3l) of
FIG. 3. The surface impedance at normal incidence. Same parameters as in
the second column of Table I ~yellow foam! except thickness l51 cm and
Im N526.2 kPa: ———, Im N521.55 kPa: ---.
FIG. 4. Predicted cos up as a function of frequency for the same material as
in Fig. 3. Im N526.2 kPa: ———, Im N521.55 kPa: ---.
Table I is close to 21, for Re a3l close to p/2. The shear
mode does not exist if the shear wave is faster than the sound
in air, because in this case a35(k322k2)1/2 is, in a first ap-
proximation, an imaginary quantity. In the simulation ~and
for the usual plastic open-cell foams!, the speed of the shear
waves in the foam is much smaller than the sound speed in
the free air, and a3 is close to k3 . For a loss angle equal to
0.1 (Im N526200 Pa), the influence of the compressional
mode is negligible on the impedance but the shear mode is
detectable on the behavior of cos up . For a loss angle equal
to 0.025 (Im N521550 Pa), the presence of the shear mode
is much more obvious than the presence of the compres-
sional mode on the pole location. The shear mode appears in
a small range of frequencies where it is related to a horizon-
tal wave number component close to k, which allows a
strong coupling with the pressure field in the free air at graz-
ing incidence. An opposite case is the one of the Rayleigh
wave, which can propagate at the same frequencies on
samples of larger thickness. The order of magnitude of the
Rayleigh wave velocity is around 50 m/s, which corresponds
to a horizontal wave number component seven times as large
as k. The coupling with the field in air at grazing incidence is
weak, with no noticeable effect on cos up .
III. VALIDITY OF THE APPROXIMATION FOR pr IN
THE CONTEXT OF THE BIOT THEORY
The method used to measure cos up for thin porous lay-
ers with a motionless frame is based on the use of Eqs.
~4!–~6!. These expressions have been obtained with the ref-
erence integral method described by Brekhovskikh and
Godin21 from the Sommerfeld representation of the reflected
monopole field
pr5iE
0
‘ kj dj
l
V~l!J0~jkr !exp@ ikl~h11h2!# , ~47!
which can be rewritten
pr5
i
2 E2‘
‘ kj dj
l
V~l!H0
~1 !~jkr !exp@ ikl~h11h2!# ,
~48!
l5~12j2!1/2, Im~l!>0,
where H0
(1) is the Hankel function of zeroth order. A complex
angle u can be defined by sin u5j, cos u5l. Using the
asymptotic development of the Hankel function, H0
(1)(u)
5(2/pu)1/2 exp(iu2ip/4), Eq. ~48! can be rewritten
pr5S k2pr D
1/2
expS ip4 D E2‘‘ F~j!exp@r f ~l!#dj , ~49!
F~j!5A j
12j2
V~l!, ~50!
f ~l!5i cos~u2u0!, ~51!
r5kR1 . ~52!
Using the reference integral method with the notations
of Ref. 21, q5sin u, qp5sin up , and q05sin u0 , pr can be
rewritten5pr5S k2pr D
1/2
exp~ ip/4!exp@r f ~q0!#
3FaF1~1,r ,sp!1S pr D
1/2
F1
0~0 !G , ~53!
a51/S dF21~q !dq D q5qp, ~54!
F1~1,r ,sp!5ip exp~2rsp2!erfc~2iArsp!, ~55!
F1
0~0 !5F~q0!~22/f q29 ~q0!!1/21
a
sp
, ~56!
sp5exp~ ip/4!A2 sin
up2u0
2 . ~57!
With f q29 (q0)52i/cos2(u0), the term F(q0)(22/
f q29 (q0))1/2 gives a contribution pr1 to pr given by
pr15V~cos u0!exp~ ikR1!/R1 , ~58!
independently on the expression which defines V . The two
terms with the factor a give the contribution pr2 given by
pr25a exp~ ikR11i3p/4!~k/2r !1/2~2i1wAp exp~2w2!
3erfc~2iw !!/w , ~59!
where w is given by Eq. ~5!, and the coefficient a is given by
a5
22 cos up
Asin up
@11~cos up /Zs~cos up!!
3~dZs /d cos u!u5up#
21
. ~60!
The reflected pressure can be written
pr5V~cos u0!exp~ ikR1!/R12
cos up
w
A 2k
r sin up
3
exp~ ikR11i3p/4!@2i1wAp exp~2w2!erfc~2iw !#
@11~cos up /Zs~cos up!!~dZs /d cos u!u5up#
.
~61!
If Zs does not depend on up , this equation is identical to
Eq. 1-4-10 of Ref. 21 for locally reacting surfaces
pr5V~cos u0!exp~ ikR1!/R12
cos up
w
A 2k
r sin up
exp~ ikR1
1i3p/4!@2i1wAp exp~2w2!erfc~2iw !# . ~62!
If up and u0 are sufficiently close to p/2, (sin up)1/2 can
be removed and Eqs. ~5! and ~62! can be replaced by Eqs. ~6!
and ~4!. These equations can be used also for thin layers with
a motionless frame or in the context of the Biot theory if
u~cos up /Zs~cos up!!~dZs /d cos u!u5upu!1. ~63!
An evaluation of the left side of this equation is not very
simple. If the structural damping of the frame is small, the
shear mode induces fast variations of Zs with frequency, Eq.
~63! is not satisfied, and Eqs. ~4!–~6! cannot be used, but the
loss angle for usual open-cell foams is large. Comparisons
between estimations of the reflected pressure over thin po-
rous layers, obtained with Eq. ~47! and with Eqs. ~4!–~6!,
have been performed around frequencies where the shear
mode is present, showing that for loss angles of the frame
larger than 1100, Eqs. ~4! and ~6! provide a good approxima-
tion for the reflected pressure for thin layers. The loss angle
for usual open-cell foams is much larger than 1100.
IV. EXPERIMENTAL EVALUATION OF THE SHEAR
MODULUS
In Fig. 1 a symbolic sketch of the experimental set is
presented. The monopole source S is a pipe fed by a com-
pression driver. The receiver at M is an electret microphone.
The distances z1 from the porous layer to the source and z2
from the layer to the microphone are z15z253 mm. The
distance r from the source to the receiver is r523 cm. The
angle of specular reflection is u0 verifying cot u05(z1
1z2)/r. The porous layers are glued to a rigid impervious
backing, the area of the layers is close to 1 m2. The evalua-
tion of cos up with Eq. ~4! is performed from a measurement
of the ratio pr /(exp(ikR1)/R1) where exp(ikR1)/R1 is the di-
rect field at a distance R1 from the source. The measurement
of the ratio is obtained from a measurement of the pressure
ph related to the direct field, the porous surface being re-
placed by a rigid, impervious surface and a second measure-
ment over the porous surface of the pressure pt . Both mea-
surements are performed with the same geometry, close to
grazing incidence so that R1 and R2 are equal in a first ap-
proximation. The ratio in Eq. ~4! can be evaluated from
pr /~exp~ ikR1!/R1!5
pt2ph/2
ph/2
, ~64!
and cos up is given by
2
ph2pt
ph
5cos up expS 3pi4 D @A2pkR1 exp~2w2!
3erfc~2iw !# . ~65!
An iterative procedure14 is used to evaluate cos up
from Eq. ~65!. For thin layers with a source-receiver
FIG. 5. cos up as a function of frequency, yellow foam; measurement
j–j–j, prediction ———.6distance smaller than 1 m, w is small and the first value
for cos up is obtained with w50, giving cos up
52(12pt /ph)/exp(3pi/4)A2pkR1. The derivative of g(w)
5exp(2w2)erfc(2iw) is gw8 (w)522wg(w)12i/Ap ~see
Ref. 22, Chap. 7!, and the derivative dw/d cos up
of w5(1/2ikR1)1/2(cos u02cos up) is dw/d cos up5
2(1/2ikR1)1/2. These two relations are used to minimize the
left- and right-hand side difference of Eq. ~65!.
Measurements have been performed on two foams, a
yellow foam of thickness l50.5 cm and a black foam
~S616D! manufactured by Recticel ~Plejadenlaan, 15,
B-1200 Brussels! of thickness l51 cm. Measurements on
the yellow foam are presented in Fig. 5 and on the black
foam in Fig. 6. Fast variations of cos up similar to the ones of
Fig. 4 are present for both foams. A set of parameters given
in Table II has been used to predict cos up in Figs. 4 and 5.
The flow resistivities and the densities in Table II are mea-
sured and the shear moduli have been chosen to set the fast
predicted variations at the same frequencies as the measured
ones. The other parameters have been set to reasonable val-
ues. The frequencies where the fast variations occur are
mainly related to densities and shear moduli; the other pa-
rameters have a very small influence on the localization of
the fast variations. For the black foam, measurements of the
Rayleigh wave velocity have been performed on a sample of
thickness l56 cm with the method described in Ref. 8: a
Rayleigh-like wave is excited with a conventional shaker in
FIG. 6. cos up as a function of frequency, black foam; measurement
j–j–j, prediction ———.
TABLE II. Parameters for the porous materials.
Parameters Yellow foam Black foam
porosity f 0.99 0.99
flow resistivity s ~Nm24 s! 40 000.0 130 000.0
thermal permeability k08 (m2) 1029 5310210
viscous dimension L ~mm! 100 60
thermal dimension L8 ~mm! 300 180
tortuosity a‘ 1.05 1.1
density rs (kg/m3) 58 59
shear modulus N (kPa) 62.02i1.55 125.02i6.0
Poisson ratio ~n! 0.3 0.3
thickness l (cm) 0.5 1.0
contact with the surface of the sample and the vertical dis-
placement is measured at several distances from the source
using a Polytec vibrometer. A line source has been used as an
excitation and the signal was a narrow-band Gaussian burst
centered around the measuring frequency. The shear modulus
was extracted from the phase velocity of the Rayleigh wave
and the attenuation was measured from the decay of the am-
plitude as a function of position. Figures 7~a! and ~b! show
typical results as a function of position at a center frequency
of 2 kHz and ambient temperature 25 °C. Table III summa-
rizes the results at 2 and 4 kHz under the hypothesis of a
Poisson ratio n50.3. The yellow foam is much less rigid at
very low frequencies than the black foam, but it has not been
possible to measure the Rayleigh wave velocity ~samples of
sufficient thickness were not available!. The effect of the
shear mode is a peak limited over a small range of frequen-
cies. The precision of the measurement of Re N is limited by
the broadness of the peak. For the materials studied, the pre-
cision is about 10100 for Re N and 50100 for Im N. The fast increase
of Im N with frequency can explain the difference between
the measured Im N around 1.2 kHz with the point source
method and around 2 kHz with the Rayleigh wave. The mea-
surements of Re N by both methods give similar results.
V. CONCLUSION
The acoustic field created by a point-source close to thin
layers of open-cell foams can be strongly coupled with a
shear mode around frequencies where the quarter shear
wavelength is equal to the thickness of the layer. The strong
coupling is due to the fact that the horizontal wave-number
FIG. 7. Arrival time and attenuation as a function of position at 2 kHz,
25 °C. The phase velocity and attenuation are determined from a linear
regression and an exponential regression on the data, respectively.
TABLE III. Measured wave number of the Rayleigh wave and shear modu-
lus.
Frequency
~kHz!
Re kR
~m21!
Im kR
~m21!
N
~kPa!
2 283.0 12.0 135.02i11.0
4 576.0 65.0 126.02i29.07component of the mode is close to the wave number in the
free air. The amplitude of the mode is sufficiently large for
the mode to be detected acoustically from the fast variations
with frequency of the location of a pole of the reflection
coefficient. The description with the Biot theory of the inter-
action between the shear mode and the acoustic field in air is
in good agreement with the experiment. This is a new ex-
ample of the adequacy of the Biot theory for the description
of the acoustical properties of sound-absorbing media. This
work also shows the interest of the method of localizing a
pole of the reflection coefficient from short range pressure
measurements close to grazing incidence.
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